A genomic clone encoding the precursor of a non-photosynthetic ferredoxin (Fd III) from maize has been isolated and characterized. In comparison with the corresponding cDNA, the gene (fedlll) was found to be interrupted in the 5-untranslated region by an intron consisting of 3,037 bp. About 80% of the total region of this intron is organized into four classes of tandemly repeated sequences with monomeric lengths of about 200 bp, 320 bp, 130 bp, and 90 bp. This unique intron organization is present in the fedlll gene of three related maize cultivars examined.
Ferredoxin (Fd) was first described as an acidic, soluble iron-sulfur protein in photosynthetic tissues (Arnon 1988) . Fd serves as a multifunctional electron carrier from photosystem I to a variety of biosynthetic processes such as nitrogen and sulfur assimilation, fatty acid desaturation, and glycine betain biosynthesis. Fd is also part of the Fd/ thioredoxin regulatory system which modulates the activities of enzymes involved in plastidic carbon metabolism. Like many genes encoding photosynthetic proteins, Fd gene is expressed in a tissue-specific and light-dependent manner (Vorst et al. 1990 , Hase et al. 1991 . Both transcriptional and post-transcriptional processes are involved in this light-regulated gene expression (Vorst et al. 1993) .
More recently, Fd has been found in non-photosynthetic tissues such as roots and fruits as an isoprotein distinct from the leaf counterpart (Kimata and Hase 1989 , Wada et al. 1989 , Morigasaki et al. 1990 ). This second type of Fd, non-photosynthetic Fd, is probably involved in an electron transfer from pyridine dinucleotides supplied Abbreviations: Fd, ferredoxin; RFLP, restrction fragment length polymorphism.
The nucleotide sequence reported in this paper has been submitted to DDBJ, EMBL and GenBank Databases with accession number AB001387. 3 Present address: Department of Biochemistry and Molecular Biology, Nippon Medical School, 1-1-5 Sendagi, Tokyo, 113 Japan. via the oxidative pentose phosphate pathway to some Fdlinked enzymes in plastids (Bowsher et al. 1992) . Several cDNAs for non-photosynthetic Fds have been cloned (Hase et al. 1991 , Alonso et al. 1995 , Matsumura et al. 1997 . The accumulation of their transcripts was shown to be independent of light but, in some cases, dependent on availability of nitrogen (Matsumura et al. 1997 ) and exogenous ethylene (Alonso et al. 1995) . In maize, we have cloned cDNAs for two non-photosynthetic Fds, Fd III (Hase et al. 1991) and Fd VI (Matsumura et al. 1997 ). Both are predominantly distributed in roots of seedlings, but expressed differently; Fd III is constitutively expressed, whereas Fd VI is nitrate inducible. To study the genomic organization and expression regulation of these non-photosynthetic Fds, we isolated a genomic gene encoding maize Fd III. The cloned gene (fedlll) contains an open reading frame identical with that of Fd III cDNA. An intron with a length of about 3 kb is inserted in the 5'-untranslated region of the gene and contains unique repetitive nucleotide sequences.
A genomic library of maize (Zea mays L. cv. Golden Cross Bantam T51) was constructed in lambda EMBL3. Genomic DNA was prepared from shoots of etiolated seedlings and digested partially with Sa«3AI. After the digest was size-fractionated by agarose gel electrophoresis, DNA fragments ranging from 10 kb to 20 kb in length were ligated into BamHl site of the phage DNA arms. A cDNA encoding maize Fd III, pFD3-l, which was longer by 127 bp in the 5'-untranslated region than the pFD3 reported previously (Hase et al. 1991) , was labeled by the random primer method (Feinberg and Vogelstein 1984) and used as a probe to screen the genomic library. One positive recombinant phage, designated GFD3, was isolated and subjected to restriction mapping and Southern blot analysis. The insert was about 15 kb; a restriction map around the region hybridized with the probe is shown in Fig. 1 . EcoRl fragments and Kpnl fragments were subcloned into M13mpl9, and nucleotide sequences of exonucleasellldeleted DNA clones were determined by the chain-termination method (Sanger et al. 1977) to elucidate the complete nucleotide sequence of 5,179 bp.
The sequences of the coding and flanking regions of pFD3-l cDNA were identical to those of the genomic clone, with the exception that an intron sequence was inserted into the 5'-untranslated region of the cDNA (Fig. 1A) . The intron began with the nucleotides GT and ended with AG; its length was 3,037 bp. Primer extension analysis was carried out to determine the transcription start site. A 32 P-end-labeled oligonucleotide complementary to nucleotides from 3,102 bp to 3,083 bp upstream of the initiation codon, which was positioned within the first exon, was annealed with the total poly(A) + -RNAs prepared from three different parts of maize seedlings, and a DNA chain complementary to the RNA template was synthesized by reverse transcriptase. As shown in Fig. 2 , a single major band with a length of 118 nucleotides was detected. The poly(A) + RNAs from etiolated leaves and roots gave signals stronger than that from green leaves. This was consistent with the fact that the amount of message for Fd III is abundant in non-photosynthetic organs (Hase et al. 1991) . These results indicate a putative transcription start site 3,190 bp upstream of the initiation A synthetic oligonucleotide, 5-ACAAGGGTCCTG-GTGCGGTG-3', which is complementary to a portion within the first exon offedlll, was radiolabeled at its 5-terminus. Poly(A) + -RNAs (3//g each) prepared from green leaves (lane 1), etiolated leaves (lane 2), and roots (lane 3) were hybridized with an excess of the labeled oligonucleotide. Then reverse transcriptase was used to extend this primer to produce a cDNA complementary to the RNA template. The size of the extension product was analyzed on a sequencing gel. The products of the dideoxy-sequencing of the EcoKl fragment of GFD3 containing the first exon (see Fig. 1A .) were used as size markes.
codon. A TATA box-like sequence (ATTAAA) and a CAAT box-like sequence (CCAT) are present at 27 bp and 51 bp upstream of the transcription start site, respectively. Interestingly, the intron had characteristic repeated sequences. These could be classified into four basic groups: sequences A through D, which were about 200 bp, 320 bp, 130 bp, and 90 bp in length, respectively. The sequences were each repeated from two to four times (Fig. IB) with a high sequence identity, ranging from 82 to 93%. No significant open reading frame was found in the intron.
The existence of the repeated sequences in fedlll was confirmed by Southern blot analysis of genomic DNAs from three strains of maize: Golden Cross Bantam T51 and its parental lines, P39 and P51B. In a preliminary experiment, we observed that a genomic region around fedlll showed restriction fragment length porymorphism (RFLP) when restriction enzymes such as Bgdl, Hindlll and £coRI were used for mapping. Total genomic DNA was digested 4) , and the parental inbred lines, P39 (lanes 2 and 5) and P51B (lanes 3 and 6), were digested with 5g/II or Hin&\\\ and size-fractionated by agarose gel electrophoresis. DNA fragments were transferred to a nylon membrane and were probed with 32 Plabeled DNAs, probes 3-1 (lanes 1 to 3) and 3-2 Qane 4 to 6). Details of the probes are shown in Fig. 1 . Positions of HindXW fragments of lambda DNA are shown on the left.
with BglW or Hindlll. The resultant DNA fragments were fractionated and probed separately with a part of the intron and the 3-untranslated region of fedlll (Fig. 1A , probes 3-1 and 3-2). In the blot of the Bglll digests, both probes hybridized with fragments of 9.4 kb and 5.8 kb in the hybrid cultivar; the two fragments due to RFLP were considered to be derived from P39 and P51B, respectively. With Hindlll digestion, the intron region and the coding region of fedlll must be divided into distinct fragments, because the hybridization patterns were different between the two probes: probe 3-1 hybridized with fragments of 5.6 kb and 3.8 kb and probe 3-2 with fragments of 7.8 kb and 1.8 kb in the hybrid cultivar. It was observed again that, in both cases, the two fragments corresponded to those found in the two inbred lines. Fedlll obtained in this study was found to originate from P39 based on the restriction analysis of the DNA fragment cloned in lamda phage (data not shown). These results show that the existence of the intron in the 5'-untranslated region offedlll is probably universal in maize and that the repeated sequences could not be a cloning artifact. No sequences with significant similarity to the intron of/erf/7/ were found in a homology search in the database.
A family of dispersed tandem repetitive sequences is known to be wide-spread in cereals and to account for a high percentage of the genome, predominantly located at strategic chromosomal positions such as telomeric and centromeric regions (Bedbrook et al. 1980) . The size of the monomeric units of tandem repeats are usually constant, and Southern blot analysis of a family of tandemly repeated sequences gives a ladder-type pattern with a monomeric length of several 100 bp (Vershinin et al. 1994) . The repeated sequences found in the intron of fedlll are unlikely to be members of such a family, because the repeated sequences are restricted to within one gene in the total genome of maize. Although the physiological importance of these repeated sequences is unclear at present, it may be noteworthy that a mRNA with a length of about 4 kb, which was much longer than the mature mRNA, was detected in some cases during Northern analysis of the transcript of Fd III. Post-transcriptional regulation, such as processing of a precursor of Fd III mRNA is possible in the regulation of the expression offedlll.
